Introduction
Conventional thyristor (known as SCR) has being used in various applications such as in power converter of high voltage direct current (hvdc) transmission system and as a dc speed controller for dc motor application (F. Schettler et al., 2000) . Conventional thyristor can only be turned on with two conditions, that is when the device is in forward blocking state or when positive gate current is applied at the gate. This thyristor cannot be turned off by applying negative gate current. It can only be turned off if anode current goes negative (reverse). This happens when negative portion of the sine wave occurs (natural commutation). Another method of turning off is known as "forced commutation" where anode current is "diverted" to another circuitry. Alternatively, we have Gate Turn-Off (GTO) thyristor to overcome the disadvantage of conventional thyristor. GTO thyristor behave like conventional thyristor, but can be turned off using gate signal. It needs very large reverse gate current (normally 1/5 of anode current) to turn-off. Since a GTO thyristor converter is self-commutated, it can be used to supply power to a week ac system, and even to a "load-only" system. At the same time, it is able to control reactive power from lead to lag to keep an ac bus voltage constant. In this paper, we create a model of GTO thyristor with its operation circuit and gate circuit using OrCAD PSPICE simulator and make an analysis of their switching characteristics at different anode currents. Then, this GTO thyristor model is use and implement in the 6 pulse converter circuit. Finally, we compare the simulation results of dc output voltage with mathematical calculation results.
GTO thyristor model
In the library of OrCAD PSPICE simulator, GTO thyristor model is not included. So, we use two transistor models to create GTO thyristor model for the simulation. The monolithic pnpn structure of GTO thyristor can be conceptualized as comprising an npn transistor and a pnp transistor, interconnected as shown in Figure 1 .
Modeling, Simulation and Optimization -Tolerance and Optimal Control 274
Fig. 1. Two transistor model
Here, the collector of the npn transistor provides base-drive to the pnp, while the collector of the pnp, along with any externally supplied gate current, furnishes base current to the npn. In this positive feedback arrangement, regeneration occurs once the loop gain exceeds one, when each transistor drives its "mate" into saturation. The GTO thyristor model is then connected to the gate circuit with its operation circuit parameters, shown in Figure 2 In this simulation, we are using the Texas Instrument of SMBTA06 and SMBT3906 for the NPN and PNP transistors. Turn-on and turn-off of GTO thyristor model are controlled by connecting the gate terminal to the gate circuit. GTO thyristor will turned on when positive gate pulse current is applied. Small gate pulse current is enough to turn it on. Here, we set the gate pulse current 5% of the anode current. Meanwhile, GTO thyristor will turned off when negative gate pulse current is applied. Here, we set the gate pulse current 60% of the anode current. Normally, the gate current required to turn it off may be as much as 20% of the anode current. In this paper, we want to consider the turn-off time, where at 60% of anode current, the turn-off time is smaller than at 20% of anode current. Simulation has been done with PSPICE simulator, and Figure 3 , Figure 4 and Figure 5 show the waveform characteristics of the GTO thyristor with anode current 5A, 10A and 20A, respectively. Here, we applied 100V of anode-cathode voltage to the GTO thyristor model. From the figures, we measured the storage time, fall time, tail time and turn-off time. All the measured values are stated in Table 2 . We set the turn-on time delay at 2.0us and turn-off time delay at 10us. These time delay settings are very important in the switching operation of 6 pulse GTO thyristor converter circuit. From these results, we know that GTO thyristor can be turned on and turned off in the range current of 5A ~ 20A with a small turn-off time. This GTO thyristor model will be used and implemented in the 6 pulse converter circuit. 
pulse converter circuit
Consider the Figure 6 in which a 3 phase, 6 pulse converter supplies power to a load. Each three single phase power supply, V x , V y and V z fed 50V and 50Hz of ac voltage and frequency. The other parameters in the ac side are shown in Table 3 . 6 pulse converter circuit consist of 6 GTO thyristors, and each GTO thyristors are triggered by the gate circuit G1 ~ G6. The gate circuit parameters for this simulation are the same as in Table 1 , explained above. At the dc side, the load is composed of a dc voltage V d and a variable resistor Rd in series with a smoothing inductor L d . The parameters of these components are also shown in Table 3 . The value of variable resistor is varying to fix a value of dc output current at one level. 6 pulse converter can be functioned as a rectifier and an inverter depend on the firing angle, α. It is function as a rectifier when the firing angle is in the range of 0 0 ~ 90 0 . When the firing angle is advance from 90 0 , the converter will function as an inverter. Therefore, dc voltage, Vd is required during the inverter operation. So, the dc voltage value is varying in the range of 1μV ~ 200V for this simulation. We make an analysis of the relation between firing angle and dc output voltage. Using the 6 pulse converter circuit in Figure 18 , and varying the firing angle α in the range of 0 0 ~ 165 0 (this range is taken after considered the commutation overlap), we measured the simulation results of dc output voltage. These simulation results are compared with mathematical calculation results. For mathematical calculation, the dc output current is given as,
and dc voltage is given as,
where, : 
where, :
Insert all parameters given in Table 6 into equation (14) will become as follow,
The result of mathematical calculation is determined by the equation (1), equation (4) and equation (7). Figure 8 , Figure 9 and Figure 10 show the dc output voltage vs. firing angle at dc output current of 1A, 5A and 10A respectively. From these figures, we know that the curves of simulation results and mathematical calculation results are almost same. The values of dc output voltages are not too much different in each firing angle except in the range of 0 0 ~ 75 0 , where the values of the simulation results are little bit smaller than the mathematical calculation results. It is may be happened due to some reason such as voltage drop during the turn-on and turn-off operation of the GTO thyristors, power losses due to commutation overlap and measurement error in maintaining the same level of dc output current during the simulation. From Figure 8 , Figure 9 and Figure 10 , we know that power transfer can be controlled by varying the firing angle, and power transmission direction can be feed either to the dc side or to the ac side. So, the 6 pulse converter circuit can be functioned either as a rectifier or an inverter. 
DC Output Voltage vs

Conclusion
Using PSPICE simulator we create GTO thyristor model with its gate circuit and obtained the switching characteristics. We know that GTO thyristor can be turned on and turned off in the range current of 5A ~ 20A with a small turn-off time. This GTO thyristor model is being implemented in the 6 pulse converter circuit with controlled gate circuits. Parametric representation of shapes, mechanical components modeling with 3D visualization techniques using object oriented programming, the well known golden ratio application on vertical and horizontal displacement investigations of the ground surface, spatial modeling and simulating of dynamic continuous fluid flow process, simulation model for waste-water treatment, an interaction of tilt and illumination conditions at flight simulation and errors in taxiing performance, plant layout optimal plot plan, atmospheric modeling for weather prediction, a stochastic search method that explores the solutions for hill climbing process, cellular automata simulations, thyristor switching characteristics simulation, and simulation framework toward bandwidth quantization and measurement, are all topics with appropriate results from different research backgrounds focused on tolerance analysis and optimal control provided in this book.
